We used magic angle spinning (MAS), multiquantum (MQ)-MAS, and high-temperature (HT) nuclear magnetic resonance (NMR) measurements to investigate the oxide-ion conduction path of oxygen-17 (O-17) in apatite-type lanthanum silicate La9.33(SiO4)6O2. A highly crystalline apatite-type lanthanum silicate was specifically synthesized for the measurements. MAS and MQ-MAS NMR confirmed that four kinds of oxide-ion sites are present in the structure and showed a small extra peak (<1%) possibly due to an interstitial site. The high-temperature measurements showed that the line shape changed and sharpened with increasing temperature from 200 ˚C, and the peak position shifted at 700 ˚C. The comparison of the results between MAS NMR (room-temperature) and HT static NMR showed the exchange of oxide ions bonded to Si (O1, O2, and O3) but the apparent exchange between the oxide ions (O1, O2, and O3) and the oxide ion at the isolated site (O4) is not observed. The exchange of the oxide ions that are bonded to Si (O1, O2, and O3) suggests that they are the main diffusion species in oxide-ion conductivity.
Introduction
Apatite-type Ln silicates, Ln9.33+2x/3(SiO4)6O2+x, (Ln: rare earth elements) and related materials are promising oxide-ion conductors and are used as electrolytes in high-temperature solid oxide fuel cells because of their high conductivity, which is comparable or superior to that of yttria-doped zirconia [1] [2] [3] [4] [5] [6] [7] . The high conductivity was first observed by one of the authors [1, 2] . Although the conduction mechanism has been extensively investigated [8] [9] [10] [11] [12] , it has not been fully understood. Apatite has three kinds of sites for oxide ions in its structure (Fig. 1 ). Oxide ions (O1-O3) are located at the sites bonded to silicon and form SiO4 tetrahedra, where O3 is assigned to two equivalent sites.
On the contrary, the oxide ion labeled O4 is located in the center of the equatorial triangles of Ln1. Because the O4 site is located in the largest channel along the c-axis, the oxide ion at the O4 site seems to be the main migration specie [1] . In the study of single crystal Nd-Si-O apatite, the conductivity along the c-axis was found to be greater than that perpendicular to the c-axis; however, the difference between them decreases with increasing temperature, suggesting that the oxide ions migrate along the 001 direction. Furthermore, the migration perpendicular to the c-axis becomes significant at elevated temperatures [3, 5] . The maximum entropy method (MEM) has been used to fit the neutron diffraction patterns and to investigate the conduction mechanism. For apatite-type Ln9.33(SiO4)6O2 (Ln = La, Nd) and SrRe8(SiO4)6O2 at room temperature, the MEM results suggest that the oxide ion at the O4 site (as shown in Fig. 1 ) migrates along the c-axis. The migration is induced by the slight rotation of the SiO4 tetrahedra, however, an apparent exchange between the oxide ions bonded to Si and O4 did not occur. In addition, it was also reported that oxide ions located at the interstitial sites were not observed in the samples [8] . Ali showed that the oxide-ion migration is mainly caused by a vacancy mechanism in the isolated (O4) oxide ion along the c-axis. However, the migration of oxide ion on theO3-O5-O4 path is significant with increasing temperature, where O5 is the interstitial oxide ion which is produced by the addition of MgO to La-apatite and is present between O3 and O4 ions [9] . Computer simulations for oxygen-excess La9.67(SiO4)6O2.5 apatite predicted that the presence of oxide ions at interstitial sites near the SiO4 tetrahedra form pseudo-"SiO5" units [13, 14] . Oxide-ion conduction is caused by a "hand-over" mechanism, where the interstitial oxide ion is transferred from a SiO4 unit to the next, momentarily forming a Si2O9 unit. A simulation study predicted the presence of interstitial oxide ions but according to this study the ions located near the O4 site diffuse along the c-axis via a vacancy diffusion mechanism [10] . Therefore from our knowledge on the conduction mechanism in apatite, we observe that there are discrepancies in the presence and locations of the interstitial oxide ions.
To elucidate the oxide-ion conduction mechanism in apatite, we performed oxygen-17 (O-17) nuclear magnetic resonance (NMR) measurements. Among the apatite-type materials, we chose lanthanum silicate because of its high conductivity [1, 7] . O-17 NMR has been applied to investigate the structure around oxide ions [15] or defects in oxide-ion conductors [16] [17] [18] [19] . It is well known that the line shape of the solid-state NMR spectrum is changed because of the motion that averages out anisotropic effecting terms such as chemical shift anisotropy, dipole-dipole, and quadrupole coupling effects. In addition, line shape of the solid-state NMR spectrum also changes with a fast site exchange. For species i, if more than two peaks are observed at different positions, i, with intensity Ii at room temperature, then the nuclei at the sites are exchanged at a sufficiently higher rate as compared to the nuclear resonance frequency at elevated temperature. One apparent peak is observed at the weighted average, obs, and is obtained using the following equation [20] .
In a crystal possessing no structural changes at elevated temperature, the species concentration, which reflects the intensity (Ii), is proportional to the number of sites in the crystal structure. Therefore, the comparison between the line shapes obtained at room and elevated temperature give important information about the exchange of ions among the sites because of the migration of oxide ions. In this study, oxygen-17 NMR measurements were performed on La-Si-O silicate at room and high temperature to elucidate the conduction mechanism of oxide ions in apatite-type La-silicate. 
Oxygen-17 NMR measurements
Oxygen -17 measurements were performed on a Bruker AVANCE-750 (17.5 T), -400 (9.3T), and JEOL ECA930 (21.9 T) spectrometer with a resonance frequency of 101.7, 54.2, and 126 MHz, respectively. We used the peak of H2 17 O as a reference in the abovementioned measurement. Magic-Angle Spinning (MAS) measurements at room temperature were performed on AVANCE -400, -750, and ECA 930 at sample spinning speeds of 14, 30, and 22 kHz, respectively. In the single-pulse MAS measurements, a small angle excitation pulse (/18 or /10) was used to ensure the NMR intensity.
Multi-Quantum-MAS (MQ-MAS) measurements [21] were performed on an AVANCE 400 spectrometer. High-temperature (HT) measurements were also performed on AVANCE 400 under static conditions. The sample was placed in the hexagonal boron 8 nitride container of the spectrometer. Both the top and the bottom surfaces of the container were heated by CO2 lasers. The process of data acquisition started after the sample was heated at the desired temperature. Here, we do not describe the experimental details and the equipment used for the HT experiments [22, 23] . The obtained MAS, MQ-MAS, and HT static NMR spectra were analyzed using the DMFIT program [24] . (Fig. 3(a) ), showing that the distribution in both CS and QCC is present in the peaks at approximately 180 ppm. The observed spectrum was simulated with the DMFIT program, taking into account of the Gaussian distribution in CS and QCC for each peak. The simulated contours are shown in Fig.   3 (b) and the parameters obtained by the simulation are listed in Table 1 . If three peaks in the simulation results in good agreement with the observations, then we can suggest that the peak observed in Fig. 3(a) consists of more than three components. Figure 4 shows the MAS NMR spectrum of the sample obtained by using AVANCE750 with the simulated line shape. A simulated line was also obtained by using the DMFIT program. In the simulation, the CS, QCC, and their distributions for the three components, #1 to #3, were fixed at the values obtained by the analysis of the MQ MAS measurements. For the other components, #4 to #6, the parameters were obtained by fitting the observations with a Gaussian function because the peaks had a simple symmetrical shape. All except the fixed parameters of the components, which were obtained by the analysis of the MQ MAS result, were optimized by a least-square method. When the presence of six components was assumed, the observed line shape was well represented by the simulated line shape, as shown in Fig. 4 . The obtained parameters were also listed in Table 1 .
Results and Discussion

O-17 MAS and MQ-MAS NMR spectra
Assignment of the peaks
The presence of four peaks suggests that four kinds of oxygen sites are present in the structure because it is reported that the oxygen bonded to Si is commonly found at approximately 200 ppm [25] . It is reasonable to assign the peaks to the O1 to O3 sites, which represents the sites where the oxide ions are bonded to the silicon. The ratio of the intensity of the peaks at #1 (165 ppm), #2 (194 ppm), and #3 (214 ppm) to the intensity obtained by the simulation (Table 1) This agreement suggests that the peaks of #1, #2, and #3 are O1 (or O2), O3, and O2 (or O1), respectively. It is impossible to assign O1 and O2 to #1 and #3 individually, based on only the intensity ratio of the peaks. The intensity ratio of peak #4 at 600 ppm is 7.7% The intensity ratio of #4 to the sum of #1-#4 is about 8.1%, which is in good agreement with the calculated value of 7.6% for the O4 site that is based on the stoichiometry of the apatite. The oxide ion in lanthanum oxide-related materials was found in the range 450-600 ppm [26] . Therefore, the peak of #4 at 600 ppm could be assigned to the O4 site, as shown in Fig. 1 . The peak of #5 has an intensity ratio of 0.8%.
It is impossible to estimate small intensity ratios that are based on the stoichiometry and crystal structure of apatite. This peak suggests the presence of interstitial site oxygen. Because the oxygen atoms bonded to silicon in silicate materials is usually found to be approximately 200 ppm [25] , the interstitial oxide ion is inferred to be near the silicon atom in the structure. However, the peak is too small to be confirmed and hence requires further research. A peak at approximately 400 ppm (#6) is seen in the spectrum. In a previous report on O-17 NMR study in silicates, and lanthanum oxide and related materials, no peak at approximately 400 ppm was reported. On the contrary, it was reported that the peaks of oxide ions in zirconia and zirconia-based materials are typically found at approximately 400 ppm [25] . Therefore, the peak at 400 ppm is believed to be due to contamination of zirconia-related materials, which are incorporated during the crushing process of the apatite sample by the ZrO2 motor.
Traces of Zr were also detected by the X-ray fluorescence analysis in the powdered sample. Because ZrO2 does not react with apatite at 1000 ˚C, which is the temperature during O-17 enrichment process, it was assumed that the effect of contamination was negligible.
3.3 HT NMR spectra Figure 5 shows the in situ HT static NMR spectra, in which the intensity of the spectrum is scaled to the signal intensity except for the one obtained by the MAS experiments ( Fig. 5 (a) ). At room temperature, the spectrum obtained by the static experiments ( Fig. 5 (b) ) was broader than and shifted from that by the MAS experiments. It is known in NMR of quadrupolar nuclei such as O-17 that a shape and position of MAS spectrum changes from that of static spectrum [27] . Therefore the static spectrum was apparently shifted from that of MAS spectrum. The peak at approximately 600 ppm could not be distinguished in the spectrum obtained by the static condition because the peak becomes broader and sufficient signal to noise ratio is not achieved in the static condition. The peak intensity of the spectrum decreased in accordance with the increasing temperature (300-500 ˚C). At 600 ˚C, the intensity and width became greater and narrower, respectively. At 700 ˚C, the peak became narrow and was observed at approximately 190 ppm. It was confirmed that the peak was not observed at approximately 600 ppm, even when the observed area around 600 ppm 13 shifted due to a change in the irradiating pulse frequency. The abovementioned occurred because the peak was too small to be distinguished from the noise.
The spectrum of each temperature was simulated by one Gaussian-shaped peak and the peak positions were obtained, which are plotted in Fig. 6 against the heating temperature with two calculated peak positions. The peak positions were able to be calculated by using equation (1) based on the following two assumptions. First, a value of 191.6 ppm is obtained by assuming that the sites O1, O2, and O3 exchanged among themselves, whereas site O4 did not exchange with the others. This assumption corresponds to the notion that the O4 diffusion is independent of the oxide ions at O1-O3. Second, the value of 224.4 ppm is obtained by assuming that the sites O1, O2, O3, and O4 are equally exchanged. This assumption corresponds to the condition that all oxygen sites (O1~O4) exchange among themselves. In the both assumptions, the data of O5 was ignored, because the intensity of O5 was too small to affect the calculated values significantly. The two calculated values were also shown in Fig. 6 by the two horizontal dashed lines. The observed peak position above 700 ˚C is at 186.4 ppm and this value is in good agreement with the calculated value of 191.6 ppm, which is based on the former assumption. This agreement shows that fast exchange among the O1, O2, and O3 sites occurs at 700 ˚C. If the exchange of oxide ions occurs within one SiO4 tetrahedra, then the oxide ions would move only in the tetrahedra, corresponding to a rotation of SiO4 unit, and oxide-ion conductivity in the macro scale would not be observed. However, oxide-ion conductivity is observed at 700 ˚C in apatite with the same composition with this material [7] showing that oxide ions migrate in the bulk scale.
Therefore, the SiO4 tetrahedra can exchange oxide ions and the oxide ions of O1, O2 and O3 are the main migration species in the apatite and such exchange facilitates bulk oxide-ion migration. This conduction mechanism of oxide ions agrees with the proposed model stating that conduction is facilitated by the exchange of oxide ions between neighboring SiO4 units [13, 28] . Movement of oxide ion at the O4 site could not be detected in this study. To elucidate the movement of oxide ions at the O4 site, further investigations to obtain spectra with high signal to noise ratio and higher temperature experiments are needed.
Conclusions
Oxygen-17 MAS, MQ-MAS, and HT static NMR measurements were performed on apatite-type lanthanum silicate, La9.33(SiO4)6O2. Highly crystalline apatite was synthesized for the NMR experiments. In the MQ-MAS and MAS NMR experiments, the obtained spectrum was analyzed, and the oxygen sites were assigned to the convoluted peaks that are based on previous reports and stoichiometry. Peaks at approximately 200 ppm were assigned to the oxide ions bonded to the Si atom, and the small peak at approximately 600 ppm was assigned to the oxide ion at the site surrounded by La. In addition, one small peak was observed (<1%), which was not assigned on the basis of the crystal structure, suggesting the presence of interstitial oxide ions. In HT static NMR measurements, spectra were obtained at a temperature up to 700˚C. A broad peak observed at the room temperature was located at approximately 140 ppm, which decreased with increasing temperature, up to 500 ˚C.
The peak position was gradually shifted to 186 ppm with increasing the temperature from 400 to 600 ˚C. The peak became sharp and further increased up to 600˚C. At 700˚C, the spectrum shows one sharp peak at 186 ppm. This shift of the peak at 700 ºC could be explained via a process of fast exchange among the oxide ions at O1, O2, and O3. This exchange suggests that O1, O2, and O3 are the main migration species and the conduction of oxide ions is caused by a handover mechanism between neighboring SiO4 units. 
